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ABSTRACT
Alcohol abuse has been extensively studied and is well known to cause multiple
health problems, such as coronary heart disease, stroke, liver disease, and some forms of
cancer. Conversely, there has also been an ongoing debate about whether ethanol in
moderation has beneficial effects. For example, some studies have found that light to
moderate alcohol consumption can have cardiovascular benefits and reduce the risk of
Alzheimer’s disease. Additionally, there have been studies showing that low
concentrations of ethanol can increase the lifespan of Caenorhabditis elegans. However,
the pathways and mechanisms involved in ethanol-mediated longevity are still unknown.
In this study, we have found that 0.5% and 1% ethanol can increase the lifespan of C.
elegans when administered starting at the young adult stage and egg stage. Using the
knockout mutant, sodh-1, we determined that ethanol, not its metabolites, is causing the
increase in lifespan. Then using RNAi knockdown and knockout mutants, we found the
longevity transcription factor, HSF-1, was required for ethanol-mediated longevity. In
contrast, we did not find the longevity transcription factors SKN-1 and DAF-16 to be
significantly involved in ethanol's longevity effect. We also found the insulin/IGF-1
receptor, DAF-2, to be involved indicating the possible involvement of a novel longevity
pathway, operating in parallel to the canonical insulin/IGF-1 signaling pathway.
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CHAPTER 1
BACKGROUND
The Alcohol Controversy
Alcohol abuse is well documented in medical literature to cause a myriad of
health concerns, including but not limited to addiction, coronary heart disease, stroke,
liver disease, and some forms of cancer1, 2. Conversely, there has also been an ongoing
debate about whether ethanol in moderation has beneficial effects. For example, some
studies have found that light to moderate consumption of alcohol can have cardiovascular
benefits and reduce the risk of Alzheimer’s disease3-5. The proposed mechanisms for the
cardiovascular benefits are the result of an increase in high-density lipoprotein (HDL)
and due to the inhibition of platelet activation6, 7. The use of a simplified model organism
can be used to investigate the molecular mechanisms of ethanol, considering the
controversial health aspects of alcohol consumption.

C. elegans as a Model for Studying Longevity
C. elegans is a 1mm long, transparent, self-fertilizing hermaphroditic nematode. It
is also an excellent model for studying longevity due to their short lifespan (about 14
days), simple gene silencing using RNAi, and genetic mutants can be easily obtained8.
The C. elegans genome has over 30% homology with humans and has highly conserved
pathways and genes that regulate lifespan, such as insulin/IGF-1, TOR, and p38 MAPK9,
10

. Therefore, C. elegans can serve as a simplified model to study the genetic and
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molecular components involved in ethanol’s effect on health and lifespan. In C. elegans,
RNA interference (RNAi) can be used to knockdown a gene of interest by feeding it E.
coli expressing dsRNA of the gene of interest. RNAi has a few advantages over the use
of knockout mutants. For example, complete knockout (homozygous) of skn-1 is lethal
embryonically; however, with the use of skn-1 RNAi administered at the egg stage is not
lethal. Mutants also require more maintenance prior to the experiment compared to
RNAi11.

The Insulin/IGF-1 Signaling Pathway and the Major Longevity
Transcription Factors
DAF-16
DAF-16 (DAuer Formation) is the C. elegans ortholog of the FOXO transcription
factor and plays an integral role in the insulin and IGF-1 signaling pathway. The IIS
pathway is involved in nutrient sensing. Under normal conditions, insulin-like molecules
bind to and activate the DAF-2 (insulin/IGF-1) receptor resulting in AGE-1 (PI3k)
activation. AGE-1 phosphorylates PIP2 into PIP3. The increased concentration of PIP3
leads to recruitment and phosphorylation of AKT-1 and AKT-2 (via PDK-1). Then AKT
phosphorylates multiple substrates including DAF-16. When DAF-16 is phosphorylated
by AKT it cannot be translocated into the nucleus. However, when DAF-2 signaling is
reduced, it leads to a decrease in DAF-16 phosphorylation, allowing DAF-16 to function
as a transcription factor and activate genes involved in longevity12. DAF-16 is also
required for the majority of longevity phenotypes associated with the IIS pathway and is
required for longevity induced by DAF-2 mutants13. DAF-16 controls the expression of a
2

wide range of genes that result in increased lifespan by upregulating antimicrobials,
antioxidants, stress response genes and downregulating some lifespan shortening genes14.
HSF-1
HSF-1 (Heat Shock Factor) is involved in the heat shock response pathway that
responds to heat, proteotoxic, and oxidative stress. HSF-1 is also involved in
physiological processes like proteostasis, immunity, growth, and development15. HSF-1
is an ortholog and holds many functional similarities to mammalian HSF115. In addition
to its involvement in the heat shock response, HSF-1 is also one of the major longevity
transcription factors in C. elegans.
Interestingly, stress response pathways have frequently been associated with
longevity. For example, under intense or chronic exposure, the stress caused to the
organism will be detrimental. However, studies have found that low levels of stress can
be beneficial physiologically across multiple model organisms, referred to as hormetic
stress (or hormesis)16. When C. elegans is exposed to hormetic heat shock, HSF-1 binds
to heat shock elements (HSE) on DNA to up-regulate many heat shock proteins (HSPs) to
protect/repair the proteome. However, in addition to performing their function as
molecular chaperones, they also increase the lifespan of C. elegans17.
The regulation of HSF-1 is complex and still not well understood. HSF-1 appears to be,
at least in part, regulated by the IIS pathway. When hsf-1 is knocked down in daf-2
mutants, the mutants have a significant reduction in lifespan, indicating HSF-1 is required
for the longevity induced by impaired DAF-2/IGF-1 signaling18 (Figure 1.1). In the IIS
pathway, HSF-1 can be regulated by DAF-16-dependent longevity-1 and DAF-16
3

longevity-2 (DDL-1 and DDL-2)19. Additionally, Heat Shock Binding protein 1 (HSB-1)
has been found to be a negative regulator of HSF-1. HSB-1 inhibition increases lifespan
in C. elegans in an HSF-1 dependent manner and does so independently of heat stress20.
Additionally, hsb-1 knockout mutants have been found to differentially regulate a smaller
subset of HSF-1 target genes involved in longevity in comparison to HSF-1
overexpression, indicating HSB-1 could be a more specific target for longevity21. In
unstressed conditions, DDL-1/2 and HSB-1 form a complex that inhibits HSF-1 called
DDL-HSF-1-inhibitory complex (DHIC) (Figure 1.1). In C. elegans, inhibition of DDL-1
results in an increase in both longevity and thermotolerance19. Similarly, when HSB-1 is
knocked out, the complex is unable to form21. The formation of DHIC is also dependent
on the phosphorylation state of DDL-1 (at threonine-182), which is affected by DAF-2.
When DAF-2 is inhibited, there is an increase in thr-182 phosphorylated-DDL-1, causing
the complex to disband. The specific regulator of DHIC, or the kinase phosphorylating
DDL-1, within the IIS pathway has not been determined19.
SKN-1
Multiple studies have found SKN-1 (SKiNhead) can increase the lifespan of C.
elegans in response to low levels of oxidative stress and is the ortholog of NRF2 in
mammals. SKN-1 is an oxidative stress response transcription factor that is activated in
response to reactive oxygen species (ROS). SKN-1 can also be activated by various
compounds and physiological conditions22. The regulation of SKN-1 is complex, with a
myriad of pathways converging SKN-1. SKN-1 can be inhibited via phosphorylation
through AKT-1/2 in the IIS pathway (unstressed conditions), similar to the regulation of
4

DAF-1623 (Figure 1.1). However, SKN-1 can also increase the lifespan of C. elegans
independently of DAF-16 via the p38 MAPK pathway when under oxidative stress
(Figure 1.1). The p38 mitogen-activated protein kinase (p38 MAPK) pathway is also
involved in the innate immune system of C. elegans.24

Figure 1.1: The Major Pathways that Regulate Longevity in C. elegans
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Ethanol Studies in C. elegans
Ethanol has been consumed for thousands of years and extensively studied for a
long time, yet the mechanisms are still surprisingly incomplete25. The elusiveness of
ethanol’s mechanisms is thought to be the result of its biochemical properties. In
particular, ethanol is pharmacologically active at high mM concentrations, has a low
molecular weight, and has the ability to alter membrane properties (amphiphilic)26, 27. For
these reasons, some researchers have sought to investigate the mechanisms of ethanol in
simpler models, such as C. elegans and Drosophila melanogaster28. Over the past
decade, the majority of the studies investigating the effects of ethanol in C. elegans as a
model have predominantly focused on the mechanisms relating ethanol intoxication and
addiction using various locomotion assays. The use of high throughput RNAi or
mutagenesis screens has proven to be a major advantage to using C. elegans as a model
organism11. These studies investigating the molecular mechanisms involved in the
locomotive effects of ethanol are most commonly determined by administrating ethanol
at a dosage that causes stimulation or incoordination to mutants then observing how it
affects the locomotion of the worm. Similar to humans, ethanol has a biphasic effect
dependent on the dosage administered to C. elegans, meaning at low concentrations (12%) it has a stimulatory effect on locomotion, whereas at high concentrations of ethanol
(>4%) result in incoordination and slow movement29, 30. The sedative effects of ethanol
are still not fully understood with multiple proposed mechanisms involved. For example,
a known ethanol binding site called slowpoke (SLO-1), is a large conductance BK
channel, that could lead to a decrease in presynaptic activity31. Another alcohol binding
6

protein is UNC-13 which is required for vesicle fusion and could explain the reduction in
synaptic transmission seen after the administration of ethanol32.
The C. elegans model has also been employed to study alcohol addiction. For
example, when C. elegans are placed on a plate with ethanol, they move away from the
ethanol. However, within 4 hours of exposure to 300 mM of ethanol, the worms develop
a preference for ethanol and are drawn to it. The genes identified to be involved in
ethanol preference are cat-2 (tyrosine hydroxylase; synthesizes dopamine)and tph-1
(tryptophan hydroxylase; serotonin biosynthesis)33.
Ethanol-mediated Longevity in C. elegans
Based on a recent paper by Zhong-Qin Wu et al. 2018, it appears that low
concentrations of ethanol administered to C. elegans causes a decrease in ROS and an
increase in free radical inhibition, as well as an increase in superoxide dismutase (SOD)
activity30. Conversely, in mammals, chronic consumption of ethanol leads to an increase
in ROS34. So far, many animal studies have found that the induction of low levels of ROS
can lead to an increase in lifespan due to the upregulation of genes involved in
sequestering ROS and protecting the cell called mitochondrial hormesis35. Zhong-Qin
Wu et al. 2018, also found that 1-2% ethanol can increase the lifespan of C. elegans and
becomes detrimental to longevity over 2%.
Patananan et al. performed RNA-seq on C. elegans (L1 stage) administered low
levels of ethanol (17mM) and reported sod-3 (superoxide dismutase) and gst-4
(glutathione S-transferase) to be upregulated. sod-3 is a DAF-16 target gene, and gst-4 is
a target gene of SKN-136, 37.
7

C. elegans Ethanol Concentration Compared to Human Blood Alcohol
Concentration
The internal concentration of ethanol in C. elegans is much lower than the
external concentration of ethanol because they have a thick cuticle layer38. Davies et al.
2003 determined that an external concentration of 400 mM (2.4%) of ethanol corresponds
to an internal concentration of approximately 22 mM (0.1%) ethanol. The internal tissue
concentration of 22 mM ethanol can be considered the same as 0.1% alcohol in the
human bloodstream39. Depending on the location, the legal driving limit is around 21.7
mM (0.1%) blood alcohol concentration (BAC). Behavioral assays have also concluded
that internal ethanol concentrations in C. elegans closely correlate to the behavioral
effects of ethanol intoxication in humans at similar concentrations39.

Significance
Despite the overwhelming evidence of chronic alcohol use causing health
problems, it is still controversial to propose low concentrations of ethanol can have
beneficial effects. However, considering the known benefits of alcohol, such as
cardiovascular health and a reduced risk of Alzheimer’s disease, we decided to
investigate the possibility of ethanol increasing lifespan, using a simplified model
organism, like C. elegans, may help unravel some novel beneficial effects and molecular
mechanisms of ethanol-mediated longevity.
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CHAPTER 2
MATERIALS & METHODS
Strains and Maintenance
The C. elegans strains used in the experiments (Table 2.1) were obtained from
Caenorhabditis Genetics Center (CGC) at the University of Minnesota. All C. elegans
strains were maintained on nematode growth medium (NGM) seeded with 100 ul of E.
coli OP50 and transferred to fresh NGM plates every 48 hours. The N2 and sodh-1 strains
were maintained at 25°C. The temperature-sensitive strain, daf-2, strain was maintained
at 16°C. The E. coli OP50 was grown statically overnight at 37°C in Luria-Bertani (LB)
broth with streptomycin (100 µg/ml). All E. coli strains used in this study are shown in
Table 2.2.
Table 2.1: C. elegans strains used in this study
Strain Name
Genotype
N2
Wild Type
GR1307
daf-16(mgDf50) I
CB1370
daf-2(e1370) III
RB2114
sodh-1(ok2799) V
Table 2.2: E. coli strains used in this study
E. coli strains
Details
E. coli OP50
Wild type for feeding C. elegans/uracil auxotroph
HT115(DE3) EV RNAi
contains the empty vector, pL4440
HT115(DE3) skn-1 RNAi
contains pL4440-skn-1
HT115(DE3) hsf-1 RNAi
contains pL4440-hsf-1

9

Lifespan Assay
The worms were age synchronized by allowing gravid worms to lay eggs for 3-4
hours. Then the gravid worms were removed, leaving only the age synchronized eggs
(This method of synchronizing worms is also used in all other assays conducted). The
eggs were incubated at 25°C for 40 hours, then transferred to lifespan ethanol plates as
L4 worms (young adult stage) (Figure 2.1a). The lifespan ethanol plates were made by
adding 50% ethanol to NGM FUDR plates (60 µg/ml of streptomycin), then the plates
were quickly sealed with parafilm. Specifically, the 5 ml ethanol plates containing 1%
and 0.5% ethanol were made by adding 100 ul and 50 ul of 50% ethanol, respectively
(final concentrations calculated based on 5ml of agar). Once the ethanol was absorbed by
the NGM, OP50 (5x concentration) was added to the plate and allowed to dry. Then 20
L4 worms were transferred to each NGM plate. The control plates (i.e., no ethanol) were
treated at the same time as the ethanol plates, except water was used instead of ethanol
(Figure 2.2). Each round of lifespans was conducted independently and in technical
triplicates. The worms were counted every day at the same time, and the dead worms
were removed from the plates. The average lifespan of N2 worms is approximately 14
days. Typically, L4 stage worms are considered young adults and have not started laying
eggs. The NGM used for the lifespan assays contained 100 µg/ml of FUDR
(fluorodeoxyuridine), which inhibits cell division, effectively preventing the worms from
reproducing40. For the experiment evaluating the effects of ethanol on longevity starting
specifically at the egg stage, the gravid adults were synchronized on ethanol, then
incubated for 40 hours and transferred to the NGM lifespan plates (Figure 2.1b). For the
10

experiment using daf-2 knockout mutants, after the egg synchronization, the mutants
were incubated at 16°C for 85 hours; however, during the lifespan assays, the mutants
were incubated at 25°C like the control.
a)

b)

Figure 2.1: Age-synchronization of C. elegans Procedure a) Normal age-sync. procedure
prior to typical lifespan assay. b) age-sync. procedure for worms administered ethanol
starting at the egg stage (not shown: control are treated similarly at egg stage except with
water)
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Figure 2.2: Preparation of NGM+FUDR plates with 1% ethanol or water for lifespan
assays

Heat Killed OP50 Lifespan
The E. coli OP50 was heat killed by heating 500 ul of OP50 (5x concentration) in
1.5 ml Eppendorf tubes for 5 minutes at 95°C in a water bath. The lifespan plates and
worms were prepared as described for the lifespan assay, except the L4 worms were
placed on LB gentamycin plates for 1 hour before transferring the worms to the lifespan
plates.

12

RNA Interference (RNAi)
RNAi was performed following the Timmons et al. 2001 protocol41. E. coli
HT115(DE3) contain the pL4440 vector harboring the sequence of the target gene of
interest. The RNAi colonies were grown overnight at 37°C on LB plates with tetracycline
(12 µg/ml) and ampicillin (100 µg/ml). The RNAi broth for seeding the lifespan plates
was made by inoculating 10 ml of LB broth, containing ampicillin (100 µg/ml), and
incubated for 8 hours at 37°C. Then the RNAi bacteria were induced with isopropyl β-D1-thiogalactopyranoside (IPTG; 2 mM) and incubated at room temperature overnight.
Before being added to the NGM plates, the RNAi bacteria was concentrated 10x. For the
lifespan assays using RNAi, the worms were fed the RNAi bacteria starting at the egg
stage (Figure 2.3). The E. coli strain targeting skn-1 and hsf-1 were obtained from the C.
elegans ORFeome RNAi library v1.142.

Figure 2.3: Age-synchronization of C. elegans procedures for RNAi experiments. Shows
how C. elegans are age-synchronized on NGM IPTG plates with RNAi bacteria prior to
lifespan assays using RNAi for gene knockdown
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Reverse Transcription Quantitative PCR
C. elegans (N2) were age synchronized on three seeded NGM plates with 45
worms on each plate. The plates were incubated for 4 hours at 25°C, then the gravid
worms were removed, leaving only the age synchronized eggs. The eggs were incubated
for 40 hours at 25°C; then approximately 400 L4 worms were transferred to an
NGM+FUDR plate containing 1% ethanol, then another 400 worms were transferred to
an NGM+FUDR plate with water (control). The plates were incubated for 24 hours
before harvesting and washing the worms three times with M9. The RNA was extracted
using RNAzol RT (Molecular Research Center, INC.) and 3 cycles of bead beating. The
quality and quantity of RNA was verified using gel electrophoresis NanoDropTM One
(Thermo Fisher Scientific, INC.). The cDNA was synthesized using Verso cDNA
Synthesis Kit (Thermo Fisher Scientific, INC.). The qPCR was performed using
SensiFAST™ SYBR® No-ROX Kit (Meridian Bioscience Inc.) on the CFX96 Touch
Deep Well Real-Time PCR Detection System (Bio-Rad Laboratories, INC.). The qPCR
conditions were set to 95°C for 3 minutes, then 40 cycles of denaturing at 95°C for 10
seconds, and annealing at 55°C for 30 seconds. The act-1 gene was the reference gene
used for normalization. All qPCR data points are from 3 independent RNA extractions.
Relative expression was calculated using the comparative CT method (2-∆∆CT)

43

. The p-

values were calculated using unpaired student t-test and p-values < 0.05 were considered
statistically significant. The primers and gene targets used in the qPCR experiment are
listed in Table 2.3.
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Table 2.3: Primers used for qPCR
Target Genes
act-1
act-1
daf-16
daf-16
C10G11.5
C10G11.5
C39F7.5
C39F7.5
sod-3
sod-3
skn-1
skn-1
gcs-1
gcs-1
gst-4
gst-4
hsf-1
hsf-1
hsp-16.2
hsp-16.2
hsp-70
hsp-70
hsp-16.49
hsp-16.49
hsp-16.1
hsp-16.1

Orientation
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev

Sequence
5'-CCAGGAATTGCTGATCGTATGCAGAA-3'
5'-TGGAGAGGGAAGCGAGGATAGA-3'
5'-CCAGACGGAAGGCTTAAACT-3
5'-ATTCGCATGAAACGAGAATG-3'
5'-AGTAGATTCAGCGACAGGGAGTGT-3'
5'-AAGCATCAGCAGCACATACTCGTG-3'
5'-GGAAGTTCGACAAGTCGTCCCAAA-3'
5'-GCCAAACTCCAATCCAGTCGATCA-3'
5'-CCAACCAGCGCTGAAATTCAATGG-3'
5'-GGAACCGAAGTCGCGCTTAATAGT-3'
5'-GTTCCCAACATCCAACTACG-3'
5'-TGGAGTCTGACCAGTGGATT-3'
5'-GGAATGCCTTACGGAGGTC-3'
5'-CGATAGACATGTTTCATCCTTC-3'
5'-CTCTTGCTGAGCCAATCCGT-3'
5'-CTGGCCAAATGGAGTCGTTG-3'
5'-CAGCCAACAGGGAATCAAAT-3'
5'-TGCTGCTCCAGAAACTGAAA -3'
5'-TTGCCATCAATCTCAACGTC-3'
5'-CTTTCTTTGGCGCTTCAATC-3'
5'-CGTTTCGAAGAACTGATCTATTCCGG-3'
5'-TTAATCAACTTCCTAGGTCCTTGTGG-3'
5'-GCTCATGCTCCGTGTGATTCAAATGC-3'
5'- GCAACAAAATTGAAGAACGTGATGAG-3'
5'-GCAGAGGCTCTCCATCTGAA-3'
5'-GCTTGAACTGCGAGACATTG-3'
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Brood Size Assay
Synchronized L4 worms were transferred to NGM plates seeded with E. coli
OP50 containing either 1% ethanol or no ethanol. Only one worm was placed on each
plate, and each treatment was conducted in triplicate. The plates were incubated at 25°C
for 24 hours, allowing the worm time to lay eggs. Then the worm was transferred to a
new plate of NGM with or without 1% ethanol (depending on the treatment group). This
process of transferring the worm to a new plate is repeated every 24 hours until the worm
is no longer gravid. Then the plates with the progeny are incubated until the worms are
large enough to be counted. The experiment was performed in triplicate with three
biological replicates.

Gut Colonization Assay
For the gut colonization assay, twenty synchronized L4 worms were placed on
two NGM FUDR plates with 1% ethanol and two NGM FUDR plates without ethanol (80
worms total). After 6 days of incubation, one plate from each treatment was used for the
gut colonization assay. The other two plates were used to study gut colonization on day
10. On days 6 and 10, ten worms were transferred to gentamycin for 2 hours to remove
external OP50. The worms were centrifuged (max RPM for 2 min.) with 400mg of Si
carbide and 1 ml of S-basal in the tube. Then to break open the worms, we vortexed the
tube for 1.5 minutes. The worm lysate was serially diluted with M9 up to 10-7, then plated
and incubated at 35°C overnight. The colony forming units per milliliter (CFU/ml) were
calculated for each tube and divided by the number of worms in the tube (10 worms) to
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get CFU/worm. For the gut colonization assay, three biological replicates were
performed.

Locomotion Assay
For the locomotion assay, ten synchronized worms were aged on FUDR plates
with 1% ethanol (or water), similar to a lifespan assay. On days 2, 6, and 10, one worm
was transferred to an NGM plate without OP50. Over the course of 1 minute, the number
of body bends was scored based on the head making a completing oscillation, and
returning back to the same starting point, as the worm moved in a forward direction29.
The locomotion assay was conducted in triplicate with three biological replicates.

Statistical Analysis
The lifespan assays were analyzed via Kaplan-Meier lifespan analysis in IBM
SPSS Statistics (Version 21.0.0). The p-values were calculated using the log rank test and
p-values < 0.05 were considered significant. All results reported were conducted with a
minimum of three biological replicates, each supporting a similar conclusion. For all
experiments conducted (except lifespan assays), the average and standard error of the
mean were calculated from a least three independent biological replicates. Statistical
significance was considered as having a p-value of < 0.05 and calculated using unpaired
student’s t-test.
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CHAPTER 3
RESULTS
The Effects of Ethanol on the Longevity of C. elegans
Previously a study had found that 1% and 2% ethanol administered at the egg
stage and L4 stage could increase the lifespan of C. elegans29. To begin studying the
effects of alcohol on the lifespan of C. elegans, we were interested in finding a
concentration of ethanol that could increase lifespan reproducibly but would be a low
enough concentration to minimize any possible side effects. Therefore, we decided to
investigate the lower bound of the previous study with 1% ethanol. Additionally, we
decided to include 0.5% ethanol to investigate if it could increase lifespan reproducibly.
In line with the previous experiment, we decided to also investigate the administration of
ethanol starting at the egg stage and the L4 stage. Therefore, we performed lifespan
assays using 0.5% or 1% ethanol administered starting at the egg stage or the L4 stage.
Figure 3.1, along with Table 3.1, shows the lifespan of C. elegans when
administered 0.5% or 1% ethanol at the egg stage or L4 stage, compared to the control.
Table 3.1 shows that all treatments with ethanol at both life stages resulted in
significantly longer lifespans. More specifically, the trends we were seeing were that
ethanol administered at the egg stage resulted in longer lifespans compared to the L4
stage, and 1% ethanol was associated with longer lifespans compared to 0.5% ethanol.
Despite ethanol administration from the egg stage resulting in a longer lifespan, all future
lifespans were conducted using 1% ethanol (217mM) administered at the L4 stage
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because the L4 worms are considered young adult, which is more translational to human
use of ethanol. The reason why 1% ethanol was selected over 0.5% ethanol was that 1%
ethanol produced a more robust lifespan increase that would be easier to detect when
working with short-lived mutants such as daf-16.

Figure 3.1: Kaplan-Meier curve showing the lifespan of C. elegans when administered
either 0.5% (administered at the egg stage or L4 stage) or 1% ethanol (administered at the
egg stage or L4 stage) compared to the control (no ethanol). Representative of one round
of data.
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Table 3.1: The mean lifespan of C. elegans when administered either 0.5%
(administered at the egg stage or L4 stage) or 1% ethanol (administered at the egg stage
or L4 stage) compared to the control (no ethanol). All worms treated with ethanol lived
significantly longer than the control. Representative of one round of data. Three other
biological replicates have been conducted with similar conclusions.
Strain + Treatment
N2
N2 egg stage + 0.5% EtOH
N2 egg stage + 1% EtOH
N2 L4 stage + 0.5% EtOH
N2 L4 stage + 1% EtOH

Mean (days)
Value std. error
14.78
0.33
18.29
0.56
20.39
0.52
16.37
0.45
17.47
0.65
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Median
(days)
14
18
21
16
18

No. of
worms
60
59
61
60
60

p-value

Percent
increase

<0.001
<0.001
<0.001
<0.001

19.2
27.5
9.7
15.4

Physiological Indices Impacted by 1% Ethanol
1% Ethanol Decreases the Brood Size of C. elegans
Brood size is a common physiological assay in C. elegans. Figure 3.2 shows the
results of the brood size assay of N2 worms administered 1% ethanol starting at the L4
stage and allowed to lay eggs at 25°C. The individual worms were transferred every 24
hours to a new plate containing 1% ethanol or water until egg-laying ceased. Brood size
was scored by counting viable progeny. Based on the results in Figure 3.2, 1% ethanol
significantly decreases the brood size of N2 worms. In comparison to other published
studies, 2% ethanol administered to C. elegans also caused a significant decrease in
brood size and delayed the onset of egg laying29. Counter-intuitively long-living C.
elegans phenotypes have been found to have a reduced brood size 44, 45.
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Figure 3.2: Brood size of N2 worms administered 1% ethanol starting at the L4 stage
compared to the control. Results are the average of three independent biological
replicates, and error bars represent the standard error of the mean. p-values were
calculated using unpaired student t-test. * represents p < 0.05.
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The Effect of 1% Ethanol on Locomotion
Despite significant increases in lifespan, it is also important to determine if 1%
ethanol is affecting health negatively, using the locomotion assay. Previous studies have
found that locomotion can be used as an indicator of healthspan and lifespan46. Figure 3.3
shows the results of the locomotion assay of N2 worms administered 1% ethanol starting
at the L4 stage. Locomotion was scored based on the frequency of body bends per minute
on days 2, 6, and 10. As seen in Figure 3.3, there was no significant difference in the
number of body bends of worms given ethanol compared to the control. However, on
average, worms administered ethanol did have more body bends per minute (nonsignificant).
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Figure 3.3: Locomotion of N2 worms on days 2, 6, and 10 after the administration of 1%
ethanol starting at the L4 stage. Locomotion was calculated based on the number of body
bends in one minute. Results are the average of three independent biological replicates,
and error bars represent the standard error of the mean. p-values were calculated using
unpaired student t-test. ns represents p > 0.05.
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Gut Colonization is Not Significantly Impacted by 1% Ethanol
Early in the lifespan of C. elegans, OP50 is crushed efficiently by the pharyngeal
grinder resulting in predominantly dead OP50 in the gut. However, as the worm ages, the
pharyngeal grinder becomes less effective at killing the OP50, leading to the overproliferation of OP50 in the gut. Dysbiosis causes severe constipation and becomes
detrimental to worm health47. Similarly, mutants with longer lifespans have less bacterial
accumulation in the intestines48. So far, the impact of ethanol on gut colonization has
never been tested in C. elegans. Therefore, we hypothesized that 1% ethanol would
decrease OP50 colonization in the gut since 1% ethanol increases the lifespan of C.
elegans. For the gut colonization assay, age-synchronized L4 worms were placed on
NGM-FUDR+OP50 containing either 1% ethanol or water, then incubated until day 6 or
10, when the worms from each treatment were harvested by bead beating to release all
the gut content and determine CFU/ml via spread plating. As shown in Figure 3.4, 1%
ethanol did not significantly decrease E. coli OP50 colonization in the gut.
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Figure 3.4: Average CFU/worm at day 6 and 10 after N2 worms were administered
either 1% ethanol or water at the L4 stage. Results are the average of three independent
biological replicates, and error bars represent the standard error of the mean. p-values
were calculated using unpaired student t-test. ns represents p > 0.05.
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Mechanisms of Ethanol-Mediated Longevity in C. elegans
Metabolites of Ethanol are not Involved in Longevity Induced by 1% Ethanol
In C. elegans, and similarly, in mammals, ethanol is metabolized to acetaldehyde,
then acetic acid, then acetyl-CoA. In C. elegans, SODH-1 is a homolog of alcohol
dehydrogenase, which is involved in metabolizing ethanol to acetaldehyde49.
Acetaldehyde is well known to be a toxic metabolite of ethanol with a wide range of
cytotoxic effects50. As discussed in the introduction, low levels of cellular stress can
cause longevity via hormesis, which could explain how low concentrations of ethanol
causes longevity. Therefore, to determine if the intermediate byproducts of ethanol
metabolism could be responsible for the longevity observed when 1% ethanol is
administered, the sodh-1 knockout mutant was selected since it is deficient in alcohol
dehydrogenase, the first enzyme involved in the metabolism of ethanol. Initially, there
was a concern that knocking out sodh-1 would not completely prevent the metabolism of
ethanol due to the possibility of functional redundancy in the metabolism of ethanol. For
example, in mammals, ethanol is also able to be metabolized by CYP2E151. However, in
C. elegans, there does not appear to be redundancy in the metabolism of ethanol. Alaimo
et al. 2012 found that when sodh-1 was knocked out in C. elegans, it results in a higher
internal concentration of ethanol and prevents the formation of acetaldehyde49. In
addition, one study performing RNA-seq on C. elegans administered 200 mM of ethanol
starting at the egg stage found sodh-1 was upregulated 6-fold compared to the control52.
Figure 3.5, along with Table 3.2, shows the lifespan of N2 and sodh-1 mutants
when administered 1% ethanol or water. The N2 worms administered 1% ethanol had a
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significantly longer lifespan than N2 worms administered water. sodh-1 mutants
administered 1% ethanol still lived significantly longer than the sodh-1 mutants given
water (p-value of 0.02). However, it is worth noting that the sodh-1 mutants did not have
as much of a percent increase compared to the N2 worms. This could be due to an
increased internal concentration of ethanol since they are unable to metabolize it, and
higher concentrations of ethanol are known to be detrimental to lifespan29. Therefore, it
can be assumed the lifespan extension effect is caused by ethanol rather than the
metabolic products of ethanol.
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Figure 3.5: Kaplan-Meier curve showing the lifespan of sodh-1 knockout mutants
administered 1% ethanol or water compared to controls. Representative of one round of
data.
Table 3.2: The mean lifespan of N2 and sodh-1 mutants administered 1% ethanol or
water. Representative of one round of data, three other biological replicates have been
conducted with similar conclusions.
Strain + Treatment
N2
N2 + 1% EtOH
sodh-1 + No EtOH
sodh-1 + 1% EtOH

Mean (days)
Value std. error
15.1
0.27
16.98
0.26
13.78
0.27
14.75
0.33
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Median
(days)
15
17
13
15

No. of
worms
59
59
60
59

p-value

Percent
increase

<0.001

11.1

0.02

6.6

Ethanol Does Not Mediate Longevity in C. elegans by Affecting E. coli OP50
The lifespan extension could be mediated through the OP50 oxidizing ethanol
into other intermediate byproducts, which in turn could be indirectly affecting the
lifespan of C. elegans. Previously, our lab has determined that 1% ethanol does not
appear to affect the growth curve of OP50. However, ethanol can affect fatty acid
synthesis and composition in E. coli53. Ethanol can also be degraded to acetyl-CoA and
used for energy by E. coli54. Therefore, to determine if C. elegans lifespan extension is
the result of live E. coli OP50 metabolizing ethanol, lifespan assays were conducted
using heat killed OP50. Figure 3.6, along with Table 3.3, shows the lifespan of N2 worms
fed live OP50 or heat killed OP50 and administered either 1% ethanol or water. The N2
worms that were fed live OP50 and administered ethanol had a significantly longer
lifespan than worms that were fed live OP50 and administered water. The worms that
were fed heat killed OP50 and administered ethanol also lived longer than worms fed
heat killed OP50 and water. Based on these results, live E. coli OP50 is not necessary for
the lifespan-extending effects of 1% ethanol, and the longevity is most likely not caused
by alterations in the nutritional content of E. coli. This result also has similarities to
another study that reported, very low concentrations of ethanol (1mM) could increase the
lifespan of completely starved C. elegans (L1-L2 stage)55. Therefore, if ethanol can
increase lifespan under complete starvation, then it can indicate that the mechanism is
independent of E. coli. However, it is important to note that ethanol can be used as an
energy source in starved worms and could explain why they would live longer as well55.
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Figure 3.6: Kaplan-Meier curve showing the lifespan of N2 worms fed live OP50 or heat
killed OP50 and administered either 1% ethanol or water. Representative of one round of
data.
Table 3.3: The mean lifespan of N2 worms fed live OP50 or heat killed OP50 and
administered either 1% ethanol or water. Representative of one round of data.
Mean (days)
Strain + Treatment
Value std. error
N2, No EtOH
14.46
0.28
N2, 1% EtOH
16.71
0.25
N2, Heat Killed OP50, No EtOH 15.03
0.33
N2, Heat Killed OP50, 1% EtOH 17.6
0.37
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Median No. of
(days) worms
14
59
17
61
15
59
17
57

p-value

Percent
increase

<0.001

13.5

<0.001

14.6

DAF-16 Does Not Play a Major Role in Ethanol-Mediated Longevity
DAF-16 is the C. elegans ortholog of the FOXO transcription factor and is part of
the insulin and IGF-1 signaling pathway. When IGF-1 signaling is decreased, it leads to a
decrease in DAF-16 phosphorylation, allowing DAF-16 to function as a transcription
factor and active genes involved in longevity56. Figure 3.7, along with Table 3.4, shows
the lifespan of daf-16 mutants and N2 worms when given either 1% ethanol or water. The
N2 worms administered 1% ethanol lived significantly longer than the control. Based on
Table 3.4, the daf-16 mutants administered 1% ethanol lived significantly longer than the
daf-16 mutants administered water, indicating that DAF-16 does not play a major role in
ethanol’s lifespan-extending effects. However, DAF-16 does appear to be involved in
some minor way since the percent increase of the daf-16 mutants administered ethanol
was consistently lower than the N2 worms. Four other biological replicates of this
experiment were conducted with similar conclusions.
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Figure 3.7: Kaplan-Meier curve showing the lifespan of daf-16 knockout mutants
administered 1% ethanol or water compared to N2 control. Representative of one round
of data.
Table 3.4: The mean lifespan of N2 and daf-16 knockout mutants administered 1%
ethanol or water. daf-16 mutants administered 1% ethanol live significantly longer than
the daf-16 mutant control group. The results presented are representative of one round of
data.
Strain + Treatment
N2 + No EtOH
N2 + 1% EtOH
daf-16 + No EtOH
daf-16 + 1% EtOH

Mean (days)
Value std. error
14.46
0.28
16.70
0.25
8.67
0.20
9.54
0.15
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Median
(days)
14
17
9
10

No. of
worms
59
61
60
59

p-value

Percent
increase

0.000

13.5

0.003

9.2

SKN-1 Does Not Play a Major Role in Ethanol-Mediated Longevity
Since DAF-16 was found only to be slightly involved for ethanol-mediated
longevity, we suspected that the transcription factor, SKN-1, could be involved for a few
reasons. SKN-1 can also be activated by various compounds and physiological conditions
resulting in longevity in a DAF-16 independent manner22. Zhong-Qin Wu et al. 2018,
found that 1-2% ethanol causes a decrease in reactive oxygen species (ROS), an increase
in free radical inhibition, and superoxide dismutase (SOD) activity30. This could have
been explained by the early activation of SKN-1 since it is involved oxidative stress
response. Similar to HSF-1, SKN-1 can also be involved in hormesis, with multiple
studies finding that the induction of low levels of ROS can lead to an increase in lifespan
due to the upregulation of genes involved in sequestering ROS and protecting the cellular
components57.
RNAi knockdown of skn-1 was chosen as the method for determining if SKN-1 is
involved in ethanol-mediated longevity because complete knockout of skn-1 is lethal
embryonically, so the mutants that exist require multiple additional mutations and only
results in a heterozygous knockout. However, skn-1 RNAi administered at the egg stage
does not result in embryonic lethality11. Figure 3.8, along with Table 3.5, shows the
lifespan of N2 worms fed skn-1 RNAi and administered either 1% ethanol or water
compared to the empty vector control (EV). The worms fed the empty vector and
administered 1% ethanol lived significantly longer than the control (administered water).
Based on Table 3.5, the worms fed the skn-1 RNAi and administered 1% ethanol still
lived significantly longer than the worms fed skn-1 RNAi and administered water,
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indicating that SKN-1 does not play a major role in ethanol’s lifespan-extending effect.
However, it is important to note that SKN-1 does seem to be involved to some degree,
considering that the mutants consistently had a lower percentage increase in lifespan
compared to the N2 worms.
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Figure 3.8: Kaplan-Meier curve showing the lifespan of N2 worms fed skn-1 RNAi and
administered 1% ethanol or water compared to empty vector control. Representative of
one round of data.

Table 3.5: The mean lifespan of N2 worms fed skn-1 RNAi and administered 1% ethanol
or water. Worms fed skn-1 RNAi and administered 1% ethanol lived significantly longer
than the empty vector control group. Representative of one round of data.

Strain + Treatment
EV + No EtOH
EV + 1% EtOH
skn-1 RNAi + No EtOH
skn-1 RNAi + 1% EtOH

Mean (days)
Value std. error
15.18
0.39
16.76
0.37
11.48
0.22
12.02
0.31
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Median
(days)
15
17
11
12

No. of
worms
56
59
60
60

p-value

Percent
increase

0.001

9.5

0.031

4.4

HSF-1 Plays a Major Role in Ethanol Induced Longevity
After discovering that DAF-16 and SKN-1 were only slightly involved in
ethanol’s lifespan-extending effect, the next major longevity transcription factor to test
was HSF-1. HSF-1 was the last longevity transcription factor we tested because, in the
literature, HSF-1 is typically referred to as having the ability to increase the lifespan of C.
elegans in DAF-16 dependent58. Since DAF-16 had been found to only play a minor role
and HSF-1 “requires” DAF-16, then we had assumed HSF-1 would not be involved.
However, some studies have found DAF-16 to be dispensable when HSF-1 is required for
longevity59-61. Figure 3.9, along with Table 3.6, shows the lifespan of N2 worms fed hsf-1
RNAi and administered either 1% ethanol or water compared to the empty vector control
(EV). The worms fed empty vector and administered 1% ethanol lived significantly
longer than the control (administered water). Based on Table 3.6, the worms fed the hsf-1
RNAi and administered 1% ethanol did not live significantly longer than the hsf-1 RNAi
control given water, indicating that HSF-1 is required for ethanol-mediated longevity.
Interestingly, HSF-1 has previously been found to modulate the stimulatory effect of
0.1% ethanol via neuronal HSF-1 and HSP-16.4862. Similarly, a comparative genomic
study investigating the gene expression of C. elegans when administered 7% ethanol
using microarray found hsp-70, hsp-16.11, hsp-16.49, hsp-12.6, hsp-4 are upregulated
(known HSF-1 targets) 63. Furthermore, there have been studies that found HSF-1 to be
required for the ethanol sensitivity and the stimulatory effects on locomotion with
concentrations ranging from 0.1% – 7% ethanol62, 63.
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Figure 3.9: Kaplan-Meier curve showing the lifespan of N2 worms fed hsf-1 RNAi and
administered 1% ethanol or water compared to empty vector control. Representative of
one round of data.
Table 3.6: The mean lifespan of N2 worms fed hsf-1 RNAi and administered 1% ethanol
or water. Worms fed hsf-1 RNAi and administered 1% ethanol live significantly longer
than the empty vector control group. Representative of one round of data.
Strain + Treatment
EV + No EtOH
EV + 1% EtOH
hsf-1 RNAi + No EtOH
hsf-1 RNAi + 1% EtOH

Mean (days)
Value std. error
15.10
0.34
17.15
0.39
5.00
0.19
5.05
0.16
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Median
(days)
15
17
5
5

No. of
worms
60
61
60
63

p-value

Percent
increase

< 0.001

11.9

0.914

0.9

DAF-2 is involved in Ethanol-Mediated Longevity
Once HSF-1 was found to be involved, we wanted to determine if HSF-1 was
operating in or at least partially within the insulin/IGF-1 signaling pathway. To
investigate if the DAF-2 receptor was involved in ethanol-mediated longevity, we
performed a lifespan assay using the daf-2 mutant e1370, which has a substitution in the
kinase domain resulting in a severe reduction in signaling64. A reduction in DAF-2
signaling allows for DAF-16 to enter the nucleus and activate a wide variety of genes
including those involved in longevity resulting in 2-fold increase in lifespan compared to
N2 worms13, 65. Figure 3.10, along with Table 3.7, shows the lifespan of daf-2 mutants
and N2 worms when given either 1% ethanol or water. The N2 worms administered 1%
ethanol lived significantly longer than the control. Based on Table 3.7, the daf-2 mutants
administered 1% ethanol did not live longer than the daf-2 mutants administered water,
indicating that DAF-2 is involved in ethanol’s lifespan-extending effects.
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Figure 3.10: Kaplan-Meier curve showing the lifespan of daf-2 knockout mutants
administered 1% ethanol or water compared to N2 control. Representative of one round
of data.
Table 3.7: The mean lifespan of N2 and daf-2 knockout mutants administered 1%
ethanol or water. daf-2 mutants administered 1% ethanol live significantly longer than the
daf-2 mutant control group. Representative of one round of data.
Strain + Treatment
N2 + No EtOH
N2 + 1% EtOH
daf-2 + No EtOH
daf-2 + 1% EtOH

Mean (days)
Value std. error
14.95
0.28
18.69
0.37
32.97
0.39
32.53
0.39

Median
(days)
15
18
33
33

40

No. of
worms
61
62
63
62

p-value

Percent
increase

< 0.001

20.0

0.363

-1.3

1% Ethanol Slightly Upregulates Multiple Longevity Genes and Specific HSF-1
Transcriptional Targets Involved in the Heat Shock Response
In order to further confirm our lifespan results regarding the involvement of HSF1, we performed RT-qPCR of the three major longevity transcription factors, DAF-16,
SKN-1, HSF-1, and common targets involved in longevity, heat shock, and oxidative
response. It is important to clarify that DAF-16, SKN-1, and HSF-1 are transcription
factors; therefore, their expression level may not accurately reflect their involvement.
Therefore, we also evaluated the relative expression ratio of common DAF-16, SKN-1,
and HSF-1 target genes. The selected DAF-16 targets are sod-3, C10G11.5, and C39F7.5.
The selected SKN-1 targets are gst-4 and gcs-1, which are involved in oxidative stress
response. The selected HSF-1 targets are hsp-16.1, hsp-16.2, hsp-16.49, and hsp-70. To
investigate the relative expression of these longevity genes, we exposed agesynchronized L4 worms to 1% ethanol (or water for control) for 24 hours before
harvesting and analyzing relative expression compared to act-1 using RT-qPCR.
As shown in Figure 3.11, 1% ethanol slightly increased the expression of daf-16, sod-3,
skn-1, gst-4, hsf-1 and hsp-16.1 were all slightly upregulated, indicating at least partial
involvement in the lifespan-extending effect of 1% ethanol. Surprisingly, 1% ethanol
caused a 3- fold increase in hsp-70, however, it was not significant. When reviewing the
hsp-70 expression across the three biological replicates, its expression was highly
variable, ranging from 1-fold to 5-fold increases (data not shown). Similarly, another
study reported similar complications with resolving high hsp-70 expression and
suggested it could have a very low basal expression21.
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Overall, it was surprising that more HSF-1 target genes were not upregulated,
considering their major role in longevity. However, heat shock proteins (HSPs) have been
found not to be required for longevity mediated by HSF-121, 66. Therefore, ethanol might
not be causing a heat shock response and could be activating HSF-1 via another
mechanism that is more specific for longevity.
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Figure 3.11: RT-qPCR of C. elegans longevity transcription factors and their targets in
response to 1% ethanol. The relative expression shown is the average of four biological
replicates and is all normalized to act-1. Error bars represent the standard error of the
mean. p-values were calculated using unpaired student t-test for each gene compared to
act-1. green indicates daf-16 and DAF-16 targets, blue indicates skn-1 and SKN-1
targets, red/orange indicates hsf-1 and HSF-1 targets. * represents p < 0.05, and **
represents p < 0.01.
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CHAPTER 4
DISCUSSION & CONCLUSION
Ethanol Can Increase the Lifespan of C. elegans and Decreases the
Brood Size
In this study, we have shown that 0.5% or 1% ethanol administered at the egg
stage or L4 increases the lifespan of C. elegans. In addition, we found that ethanol
administered at the egg stage leads to a longer lifespan compared to the L4 stage, and 1%
ethanol results in a longer lifespan compared to 0.5% ethanol. The observation that
ethanol administered at the egg stage results in a longer lifespan than at the L4 could be
interpreted as time on ethanol is positively correlated with longevity in a time-dependent
manner. However, the early larval stages through early adulthood are considered to be the
most crucial for HSF-1 dependent longevity rather than adulthood67.
We have also shown that 1% ethanol significantly decreases the brood size of N2
worms (Figure 3.2). In comparison to other published studies, 2% ethanol administered to
C. elegans also caused a significant decrease in brood size and delayed the onset of egg
laying29. Interestingly, in C. elegans, it is well documented that many long-lived mutants,
like daf-2 worms, have a delay in development and a decrease in fecundity44, 45. The
current hypothesis for this trade-off between lifespan and fecundity is that evolutionarily
it is advantageous to prioritize energy for survival (increases lifespan) over reproduction
during famine. As a result, this trade-off increases the probability of reproductive
success68. Considering that 0.5% ethanol can increase the lifespan of C. elegans, but to a
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lesser degree, it would be interesting to test if 0.5% ethanol also reduces the brood size of
C. elegans. Knowing this could elucidate if the reproductive trade-off can be mitigated
while also increasing lifespan.
We also investigated the effect of ethanol on locomotion and found that 1%
ethanol did not result in a significant decrease in locomotion (Figure 3.3). Our results
differ from a previous report that found after day 7 the worms administered 2% ethanol
had an increase in body bends per minute; however, before day 7 there was no significant
difference between the treatments29. Another study reported 0.1% ethanol could increase
locomotion, although this experiment evaluated locomotion by measuring the “thrashing”
of the worms in a liquid, which is a very different method of scoring locomotion
compared to ours62. The difference between our results and other studies could be due to
a difference in methods.
Our study also found that there was no significant difference in E. coli OP50
colonization in the gut (Figure 3.4). We expected that ethanol would decrease gut
colonization since a previous study found that worms with longer lifespans have less
bacterial proliferation in the intestines48. However, there have been no studies
investigating the impact of 1% ethanol on gut colonization. It is possible that the effect of
ethanol on longevity is not large enough to correlate with a significant decrease in gut
colonization.
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Longevity is Mediated by Ethanol, Not its Metabolites
Using SODH-1 mutants and feeding C. elegans heat killed E. coli we have shown
that ethanol mediated longevity is due to ethanol and not its metabolites such as
acetaldehyde. Despite the lower percent increase in the sodh-1 mutants, it was surprising
that ethanol did not have a more dramatic impact on the SODH-1 mutant because it could
be assumed that the internal ethanol concentration would be elevated since it cannot be
metabolized. Prior to the result, we were unsure if the mutant would have an increased
lifespan despite having a higher concentration of ethanol or if it would have a decreased
lifespan due to having too much ethanol accumulation. Alaimo et al. 2012, proposed that
the worm could be changing its permeability to ethanol49; however, this does not resolve
how the worm was able to deal with the ethanol already in its system. It is still unclear
how longevity was occurring at a higher internal concentration of ethanol.
HSF-1 and DAF-2 are Required for Ethanol-mediated Longevity and the Role of
DAF-16 and SKN-1
The complete molecular mechanism involved in ethanol-mediated longevity is
still unknown; however, our study increases our understanding of the pathway. In this
study, we have shown that the longevity transcription factors DAF-16 and SKN-1 may
not play a major role in ethanol-mediated lifespan extension of C. elegans. However, the
transcription factor, HSF-1, and the Insulin/IGF-1 receptor, DAF-2, are required for
ethanol-mediated longevity (Figure 3.9 and 3.10). This result is corroborated by the fact
that HSF-1 is required for the longevity induced by impaired DAF-2/IGF-1 signaling
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because when hsf-1 is knocked down in daf-2 mutants, the lifespan is completely reduced
down to the typical lifespan of hsf-1 RNAi18. Additionally, some heat shock response
genes are known to be upregulated in daf-2 mutants even under unstressed conditions58.
Our results do negate the involvement of DAF-16 and SKN-1; rather, we suspect
that HSF-1 either has the largest impact or may be required for the activity of DAF-16 or
SKN-1. For example, our data does indicate some involvement of SKN-1 and DAF-16
due to the disproportionate decrease in ethanol’s lifespan promoting effect in the daf-16
mutant, and skn-1 RNAi treated worms compared to the controls. Furthermore, these 3
major longevity transcription factors are often found to work together to activate specific
subsets of genes under various stresses18.
In addition to the lifespan results, our gene expression results (Figure 3.11) also
indicate that DAF-16 and SKN-1 are slightly active when ethanol is administered.
Furthermore, our data only evaluate if these transcription factors are involved in the
longevity effect of ethanol, whereas ethanol could be mediating other health aspects
involving DAF-16 and SKN-1. For example, Zhong-Qin Wu et al. 2018, discovered that
low concentrations of ethanol administered to C. elegans caused effects similar to
“antioxidants” by decreasing ROS, increasing free radical inhibition, and increasing
superoxide dismutase (SOD) activity30. This unexpected result strongly contrasts what is
currently known about the effects of ethanol abuse (i.e., increases ROS)34. This unusual
antioxidant effect is most likely mediated by SKN-169. Consequently, our results indicate
that SKN-1 is upregulated as well as its most common target, gst-4 (sometimes used as a
readout of SKN-1 activity70), is upregulated upon the administration of ethanol. In
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addition, we have observed gst-4 to be upregulated after the administration of 1% ethanol
using a mutant strain expressing GFP under the control of the gst-4 promoter (data not
shown).

Potential Mechanisms of Ethanol-mediated Longevity
Considering the apparent minor role of DAF-16 in ethanol-mediated lifespan
extension, it was still rather unexpected to find DAF-2 to be required, since DAF-16 is
considered to be necessary for the longevity induced by impaired IIS signaling13.
Therefore, if DAF-2 is required for longevity, then why is DAF-16 only slightly
involved? Furthermore, how is HSF-1 involved? Starting with HSF-1, HSF-1 is known to
sometimes operate within the IIS pathway (specifically downstream of DAF-2), but
where it fits within the IIS pathway is unknown19. As mentioned previously, there is most
likely an unknown kinase/kinases acting downstream of DAF-2, other than the known
kinases within the IIS pathway, negatively regulating HSF-119. With that in mind, it is a
plausible conclusion to assume that ethanol is somehow inhibiting DAF-2 signaling
resulting in HSF-1 being activated. This possibility also fulfills the requirement of DAF-2
for longevity, as our results indicate. Interestingly, the regulation of DHIC inhibiting
HSF-1 is known to be independent of DAF-16 and brings up the possibility that DAF-16
is being inhibited by some other regulatory pathway19.
The implication that DAF-16 is only playing a minor role ethanol-mediated
longevity yet is also being inhibited does bring up the question of, why is DAF-16
slightly upregulated along with some of its downstream targets if it is inhibited? This can
most likely be explained by tissue-specific differences in the expression of DAF-16 and
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HSF-1. Douglas et al. 2015, found that longevity mediated by HSF-1 is dependent on the
neuronal expression of hsf-1 as well as its expression in the intestines71. More
specifically, HSF-1 in the neurons sends a signal to the intestines and causes upregulation
of HSF-1 and DAF-16 target genes within the intestines resulting in longevity71. This is
consistent with the current knowledge of DAF-16 influencing aging primarily in the
intestines72. Currently, the identity of the “longevity signal” is unknown and complicated
to determine, considering C. elegans has over 40 insulin-like peptides73. Additionally,
insulin-like peptides can act as DAF-2 agonists and antagonists73. This mechanism of
neuronal longevity implies that HSF-1 could act upstream of DAF-16, possibly even
DAF-271 (Figure 3.12). It also could explain why HSF-1 and DAF-2 are involved and
DAF-16 is only slightly involved. For example, if the pathway starts with ethanol,
indirectly activating HSF-1 to induce in the longevity signal (could be one of the insulinpeptides in this example) being sent to the intestines and inhibits DAF-2 (insulin
receptor), resulting in the activation of HSF-1 and DAF-16. If HSF-1 and DAF-16 both
act as longevity transcription factors, this could result in functional redundancy in which
knocking out DAF-16 would still result in an increased lifespan since HSF-1 is still
present. However, this mechanism would not work if HSF-1 is knocked out because
HSF-1 is required to initiate the entire pathway in the neurons (Figure 3.12).
The Johnson et al. 2017 study may provide additional insight into the possible
mechanisms involved in ethanol-mediated longevity. In their study, they found that low
concentrations of ethanol mediated locomotory stimulation that is strictly dependent on
neuronal HSF-1 using mutants that only express HSF-1 neuronally (specifically the IL2
48

neuron)62. Despite the sharp contrast in study design, their study does provide muchneeded direction for future studies investigating the effects of ethanol on longevity.

Figure 4.1: The proposed pathway involved in ethanol-mediated longevity via neuronal
HSF-1.
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In this study, we have shown that ethanol can increase the lifespan at different life
stages and at different concentrations. Additionally, we have provided evidence that
HSF-1 and DAF-2 are required for ethanol-mediated longevity. Our lifespan assays and
gene expression results indicate DAF-16 and SKN-1 are involved to some degree,
possibly mediating other pro-health aspects in a parallel pathway. The requirement of
DAF-2 and HSF-1 coupled with only slight DAF-16 involvement, also poses the
possibility of a complex yet novel pathway to mediate longevity neuropharmacologically.
In conclusion, our study provides valuable insight into the molecular mechanisms
involved in ethanol-mediated longevity, using C. elegans as a model while also laying the
groundwork for future studies.
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CHAPTER 5
FUTURE DIRECTIONS
Ethanol and Neuronal HSF-1
Considering our result indicate that HSF-1 is required for the longevity effect of
alcohol, along with the knowledge that neuronal HSF-1 can mediate longevity,
determining if neuronal HSF-1 is causing longevity is an interesting prospect. The
simplest way to start identifying if HSF-1 is neuronally mediating longevity via a
“longevity signal” is to test if ethanol requires neuronal secretion. One way to investigate
if neuronal HSF-1 is involved is to use a strain that expresses hsf-1 under a neuronspecific promoter such as a rab-3 promoter71. Another option for testing this hypothesis
would be to use unc-13 or unc-31 knockout mutants. In brief, unc-13 mutants are
deficient in the ability to fuse vesicles to the synaptic membrane for exocytosis, meaning
they exhibit almost no synaptic release of neurotransmitters74. Similarly, unc-31 is
involved more specifically towards dense-core vesicle release of neuropeptides75.
Mutations unc-13 or unc-31 should be able to ablate the “longevity signal” coming from
neurons. Therefore, if 1% ethanol is administered to these mutants and the longevity
effect is no longer observed, then it can be assumed that vesicle release is necessary for
ethanol-mediated longevity. Depending on the results (neuropeptide or neurotransmitter),
the next step would be to determine the gene product of the signal, and this could be done
using an RNAi screen-specific towards neuropeptides or neurotransmitters.
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Ethanol and Alzheimer’s Disease
Aside from mechanistic studies, HSF-1 is also known to play an integral role in
proteostasis76. Proteostasis (protein homeostasis) refers to the cell's ability to regulate the
proteome while also maintaining proteins in their functional 3D structures and preventing
aggregation of misfolded proteins77. A decline in proteostasis, notably protein
aggregation, is a hallmark for age-related diseases, such as Alzheimer’s disease (AD).
Furthermore, the most well-known risk factor for Alzheimer’s disease is age78. For this
reason, it is important that ethanol does not just increase lifespan but also improves
healthspan. The exact cause of Alzheimer’s disease is still poorly understood but is
generally believed to be the result of misfolded proteins (notably amyloid beta; Aβ)
aggregates that are toxic to the cell79.
Future studies can be conducted to determine if low concentrations of ethanol can
help prevent or delay Alzheimer’s disease using C. elegans as a model organism. One
way to do this would be to see if 1% ethanol can delay the onset of paralysis in CL2006
worms. CL2006 is a C. elegans model for studying Alzheimer’s disease. The CL2006
worms express the Aβ peptide constitutively under a muscle-specific promoter leading to
progressive adult-onset paralysis. The paralysis onset of this strain has been used to
screen for drugs that can decrease fibrillar amyloid formation and Aβ toxicity80.
In further support of this hypothesis, population studies are finding that low to
moderate consumption of ethanol can act as a neuroprotectant by decreasing the risk of
Alzheimer’s disease and dementia81. The neuroprotective effects of ethanol are suspected
to be the result of HSPs, upregulated by HSF1 (mammalian ortholog of HSF-1), that
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target misfolded proteins20. The possibility for ethanol to reduce the risk of AD may not
just be due to HSF-1 and the heat shock proteins, considering that 10mM of ethanol has
been found to decrease the assembly of Aβ invitro, possibly by disrupting 2 residues
required for dimerization82. Indicating that ethanol may reduce risk or delay the onset of
Alzheimer’s disease by two different mechanisms.
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APPENDIX
Biological Replicates of Lifespan Results
Table A.1: Biological replicates of lifespan results
Round

1

2

3

1

2

3

Strain + Treatment
N2 + No EtOH
N2 egg stage + 0.5% EtOH
N2 egg stage + 1% EtOH
N2 L4 stage + 0.5% EtOH
N2 L4 stage + 1% EtOH
N2 + No EtOH
N2 egg stage + 0.5% EtOH
N2 egg stage + 1% EtOH
N2 L4 stage + 0.5% EtOH
N2 L4 stage + 1% EtOH
N2+ No EtOH
N2 egg stage + 0.5% EtOH
N2 egg stage + 1% EtOH
N2 L4 stage + 0.5% EtOH
N2 L4 stage + 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
sodh-1 + No EtOH
sodh-1 + 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
sodh-1 + No EtOH
sodh-1 + 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
sodh-1 + No EtOH
sodh-1 + 1% EtOH

Mean (days)
Median No. of
Percent
Value std. error (days) worms P value change
14.8
0.3
14
60
18.3
0.6
18
59
<0.001 19.2
20.4
0.5
21
61
<0.001 27.5
16.4
0.5
16
60
<0.001
9.7
17.5
0.7
18
60
<0.001 15.4
14.9
0.4
15
60
18.5
0.6
18
60
<0.001 19.4
19.3
0.8
19
40
<0.001 22.6
16.1
0.5
16
59
0.004
7.4
18.7
0.5
18
59
<0.001 20.3
15.0
0.3
15
60
18.3
0.5
19
58
<0.001 18.4
21.0
0.5
22
59
<0.001 28.7
17.4
0.5
17
59
<0.001 13.8
19.3
0.3
19
60
<0.001 22.5
15.1
0.27
15
59
16.98
0.26
17
59
<0.001 11.1
13.78
0.27
13
60
14.75
0.33
15
59
0.020
6.6
17.9
0.4
18
60
20.1
0.4
20
58
<0.001 10.9
14.9
0.3
15
57
15.5
0.4
16
60
0.019
3.6
16.9
0.4
16
60
17.7
0.4
18
61
0.247
4.5
14.0
0.4
15
60
15.2
0.3
15
60
0.047
7.9
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Table A.1: Biological Replicates of Lifespan Results (Continued)
Round
1

2

3

1

2

3

1

2

Strain + Treatment
N2, No EtOH
N2, 1% EtOH
N2, Heat Killed OP50, No EtOH
N2, Heat Killed OP50, 1% EtOH
N2
N2, 1% EtOH
N2, Heat Killed OP50, No EtOH
N2, Heat Killed OP50, 1% EtOH
N2, No EtOH
N2, 1% EtOH
N2, Heat Killed OP50, No EtOH
N2, Heat Killed OP50, 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
daf-16 + No EtOH
daf-16 + 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
daf-16 + No EtOH
daf-16 + 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
daf-16 + No EtOH
daf-16 + 1% EtOH
EV + No EtOH
EV + 1% EtOH
skn-1 RNAi + No EtOH
skn-1 RNAi + 1% EtOH
EV + No EtOH
EV + 1% EtOH
skn-1 RNAi + No EtOH
skn-1 RNAi + 1% EtOH

Mean (days) Median No. of
Value std. error (days) worms
14.5
0.3
14
59
16.7
0.3
17
61
15.0
0.3
15
59
17.6
0.4
17
57
16.4
0.4
16
60
19.4
0.5
19
60
17.1
0.3
17
52
18.0
0.4
18
55
15.0
0.3
15
61
18.7
0.4
18
62
14.2
0.3
14
59
15.8
0.3
15
61
14.5
0.3
14
59
16.7
0.3
17
61
8.7
0.2
9
60
9.5
0.2
10
59
15.1
0.3
15
59
17.0
0.3
17
59
8.4
0.2
9
60
9.2
0.1
9
60
14.2
0.4
14
60
19.3
0.3
19
58
7.1
0.1
7
59
8.6
0.2
9
60
15.2
0.4
15
56
16.8
0.4
17
59
11.5
0.2
11
60
12.0
0.3
12
60
15.5
0.3
15
61
16.8
0.4
17
61
15.0
0.2
15
60
15.9
0.3
16
59

60

Percent
P value change
<0.001

13.5

<0.001

14.6

<0.001

15.9

0.014

4.9

<0.001

20.0

0.002

9.8

<0.001

13.5

0.003

9.2

<0.001

11.1

<0.001

8.4

<0.001

26.6

<0.001

17.3

0.001

9.5

0.031

4.4

0.001

7.7

0.002

5.6

Table A.1: Biological Replicates of Lifespan Results (Continued)
Round
3

4

5

1

2

3

1

Strain + Treatment
EV + No EtOH
EV + 1% EtOH
skn-1 RNAi + No EtOH
skn-1 RNAi + 1% EtOH
EV + No EtOH
EV + 1% EtOH
skn-1 RNAi + No EtOH
skn-1 RNAi + 1% EtOH
EV + No EtOH
EV + 1% EtOH
skn-1 RNAi + No EtOH
skn-1 RNAi + 1% EtOH
EV + No EtOH
EV + 1% EtOH
hsf-1 RNAi + No EtOH
hsf-1 RNAi + 1% EtOH
EV + No EtOH
EV + 1% EtOH
hsf-1 RNAi + No EtOH
hsf-1 RNAi + 1% EtOH
EV + No EtOH
EV + 1% EtOH
hsf-1 RNAi + No EtOH
hsf-1 RNAi + 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
daf-2 + No EtOH
daf-2 + 1% EtOH

Mean (days)
Median No. of
Percent
Value std. error (days) worms P value change
15.7
0.4
15
60
17.2
0.3
17
61
0.012
8.9
14.8
0.3
15
62
16.1
0.3
16
57
0.012
8.1
14.8
0.5
15
59
18.0
0.5
18
60 <0.001 17.5
13.4
0.3
14
59
14.8
0.4
15
58
0.001
10.0
13.8
0.3
14
60
17.5
0.4
17
61 <0.001 20.8
12.2
0.2
12
58
13.7
0.3
14
54 <0.001 10.8
15.1
0.3
15
60
17.1
0.4
17
61 < 0.001 11.9
5.0
0.2
5
60
5.0
0.2
5
63
0.914
0.9
15.7
0.4
15
60
17.2
0.3
17
61
0.012
8.9
5.3
0.2
5
64
5.1
0.2
5
60
0.516
-3.3
14.7
0.3
14
59
17.4
0.4
18
58 <0.001 15.8
5.7
0.1
6
63
5.3
0.2
5
59
0.190
-6.5
15.0
0.3
15
61
18.7
0.4
18
62 <0.001 20.0
33.0
0.4
33
63
32.5
0.4
33
62
0.363
-1.3

61

Table A.1: Biological Replicates of Lifespan Results (Continued)
Round
2

3

Strain + Treatment
N2 + No EtOH
N2 + 1% EtOH
daf-2 + No EtOH
daf-2 + 1% EtOH
N2 + No EtOH
N2 + 1% EtOH
daf-2 + No EtOH
daf-2 +1% EtOH

Mean (days)
Median No. of
Percent
Value std. error (days) worms P value change
12.7
0.3
13
58
18.6
0.4
18
58 <0.001 31.8
30.7
0.7
32
59
31.8
0.4
32
60
0.513
3.6
15.3
0.3
15
60
18.7
0.4
18
60 <0.001 18.5
32.8
0.4
33
58
31.2
0.3
31
59
0.001
-4.9

62

